In hydrological models, variably saturated flow is often described using the Richards equation, either in a fully three-dimensional (3D) implementation or using a quasi-3D framework based on the 1D Richards equation for vertical flow and a flow-approximation for the other two dimensions. However, it is unclear in which configuration or under which boundary conditions these approximations can produce adequate estimates. In this study, two formulations with a quasi-3D approach are benchmarked against a fully 3D model (HYDRUS-3D). The formulations are: the Real-time Integrated Basin Simulator þ VEGetation Generator for Interactive Evolution (tRIBS þ VEGGIE) model that uses the Dupuit-Forchheimer assumption and the Tethys & Chloris (T&C) model that implements the kinematic approach. Effects of domain slope, hillslope size, event size and initial moisture conditions on simulated runoff and soil moisture dynamics are examined in event-based simulations at the hillslope scale. The Dupuit-Forchheimer assumption (tRIBS-VEGGIE) produces deviations from the HYDRUS-3D solutions only for simulations with initially dry soil. Using the kinematic approach (T&C) results in deviations from the 3D solution primarily for the small hillslope domain in combination with a gentle slope angle. This applies especially to the partition between subsurface and surface runoff production, with T&C being biased towards the latter. For all other cases investigated, the simpler formulations provide reasonable approximations of the 3D model.
INTRODUCTION
An increasing number of hydrological models simulate variably saturated flow solving the governing partial differential equations in a three-dimensional domain (Panday & Huya-Advantages and disadvantages of models with different complexity have led to numerous approaches reported in scientific literature (Singh & Specifically, we target models that maintain representations of theoretically measureable states and quantities; in layman terms of the community, these are 'spatially-distributed, physically-based/process-based' models. The approach adopted here aims at shedding light on a hierarchy of model assumptions in order to establish the relative importance of process representation in the hydrological response at the hillslope scale. This is different from analyzing differences induced by the adopted numerical schemes and types of coupling between surface and subsurface processes, which were addressed in previous intercomparison studies of models with similar assumptions in the process-representation (Sulis et al. ; Maxwell et al. ) .
In this study, we use three different models with a hierarchy of decreasing complexity to describe variably A thorough model comparison demands the identification of hillslope geometries, soil properties, and initial conditions that could reveal specific differences among methods resolving subsurface flow. For instance, Beven () showed that the kinematic wave formulation for subsurface flow is a reasonable approximation of the extended Dupuit-Forchheimer assumptions for values of the dimensionless index λ ¼ 4p cos β=(K s sin 2 β) less than 0.75, where β is the slope angle, K s is the saturated hydraulic conductivity, and p is the steady flow input per unit area. Steep slopes, high saturated hydraulic conductivities, and low input rates all tend to reduce the value of λ and support the kinematic wave approximation (Beven , a, b) . It is therefore reasonable to expect that the kinematic method (i.e. the case of the T&C , most of these were cases with a simple geometry. It is less clear whether the Dupuit-Forchheimer assumption can sufficiently approximate 3D variations of fluxes in domains of complex topography (i.e. the case of the tRIBS þ VEGGIE model). Generally, one can expect that flow approximation-based models will agree with 3D numerical solutions in the case of simple geometries and high-to-moderate slopes but will increasingly disagree as the flow domain slope becomes either very shallow or very steep. One can also expect a better agreement for isotropic medium as opposed to cases with spatial variations of soil properties (e.g. soil layering). The outcome of increasing the spatial dimension of the flow domain is less certain, although one could expect a possible accumulation of errors associated with flow velocity approximations and the neglect of the vertical flow component, especially for steeper aquifer conditions. A detailed comparison of the consequences of different assumptions for solving subsurface flow in a wide range of conditions has not been performed so far and this numerical study offers a first set of assessments. Specifically, this research explores a range of conditions using numerical experiments corresponding to event-based simulations at the scale of a hillslope-zero-order catchment that exhibits a certain degree of complexity in the organization of surface slopes. We limit the simulations to the event timescale in order to be able to focus solely on the representation of the water flow problem since long-term simulations would require including evaporation and transpiration processes. However, the way evapotranspiration is implemented and parameterized in the analyzed models varies greatly and would undoubtedly influence simulated moisture dynamics. Therefore, it would be impossible to separate the effects on water flow caused by model-specific evapotranspiration fluxes from those caused by the differences in flow descriptions.
We examine the effects of slope angle, domain size, rainfall magnitude, and initial moisture conditions on runoff generation and simulated soil moisture dynamics. We explore whether the different model strategies are competing approaches and whether the hierarchy in model simplifying assumptions outlined above is in fact reflected in the results. 
HYDRUS-3D
HYDRUS-3D is a physics-based model that uses the which is a strongly nonlinear partial differential equation that requires a numerical solution: 
Approximations of flow equations
In contrast to models such as HYDRUS-3D that simul- In HYDRUS-3D, the flow domain was discretized into 25,110 nodes (45,866 triangular prisms) for the small domain and 29,106 nodes (52,394 triangular prisms) for the large domain. In both domains, nodes were organized in 18 mesh layers, with distance between the layers increasing from 2 cm at the surface to 8 cm at the base of the domain.
In tRIBS þ VEGGIE and T&C, the flow domains were spatially represented by a regular grid of cells in the horizontal plane, with a vertical discretization into 17 layers ('grid cell layers') that had the same resolution as layers represented in HYDRUS-3D. In total, 450 grid cells and 7,650
finite volumes, for the small hillslope domain, and 1,250 grid cells and 21,250 finite volumes, for the large domain, were used by both of the models.
In addition to the domain size, two different slope magnitudes were considered: 10 and 30 W . Homogeneous soil with loamy sand texture was adopted, assuming the van Gen- 
Loamy sand 0.057 0.41 12.4 2.28 0.1459 corresponds to a return interval of 2 years and the higher rate to a return interval of 50 years.
Combining all permutations led to 16 scenarios: two domain slopes × two rainfall rates × two initial conditions × two domain sizes.
Definition of boundary conditions
Depending on the model, the formulation of boundary conditions slightly varies. In all models, no-flux boundary condition is applied at the soil bottom and all sides of the domain, except the downslope face of the hillslope (Figure 1) where subsurface flow will leave the hillslope domain. At this downslope face a seepage face boundary condition is implemented, which allows water to leave the flow domain through nodes where local pressure head is simulated as h ! 0 m, i.e. where nodes experience saturation.
In HYDRUS-3D, a prescribed flux is specified at the surface for the first 9 hours of the simulation, i.e. during the period of rainfall input. After that, the boundary condition at the surface is also switched to a seepage face boundary condition. This is to accommodate saturation excess overland flow and to permit runoff through the surface during the drainage of the hillslope. Water that leaves the domain through the seepage face at the surface is removed immediately and cannot re-infiltrate further downhill.
In tRIBS þ VEGGIE and T&C, the flux boundary condition is specified at the soil surface, which is either positive (the first 9 hours of simulation) or zero. The seepage face is approximated for pre-defined cells located at the downslope face as moisture sinks in nodes where pressure head is larger than zero. The sink strength is taken as flow to the soil medium with zero pressure head component. In both models surface runoff is also immediately removed from the domain; no surface-channel routing and re-infiltration processes are simulated to match HYDRUS-3D treatment.
Analysis of results
Models were compared with respect to outflow from the hillslope through the downslope face of the hillslope (i.e.
subsurface flow exiting through the seepage face) and through the surface (i.e. the surface runoff) and the sum of both (i.e. the total runoff). In this study, we use the term 'runoff' for water leaving the hillslope domain and it can refer to both subsurface and surface flow. Time series of mean soil moisture of the hillslope domain and the spatial coefficient of variation of depth-integrated soil moisture content over time were compared as well. The agreement between HYDRUS-3D and the flow-approximation based models was quantified using the Nash-Sutcliffe efficiency (NSE) E and the root mean squared error (RMSE):
where n is the total number of data points in the series, O is the 'true' value simulated with HYDRUS-3D, and P is the value simulated by a flow-approximation based model.
Furthermore, maps of spatially distributed soil moisture at key time steps (time of peak discharge for the respective simulations) and integrated over time were also produced for comparison.
RESULTS

Total cumulative runoff
In general, models agreed very well for both domain sizes when wet initial moisture conditions were used (Figure 2 ).
For the dry initial conditions, there was less agreement between HYDRUS-3D and the approximation-based models, particularly for the large domain. For the small domain, the total runoff simulated with tRIBS þ VEGGIE was between 84 and 100% of HYDRUS-simulated runoff and the total runoff simulated with T&C (both flow routing algorithms) was between 68 and 99%. For the large domain the total runoff simulated with tRIBS þ VEGGIE was in the range of 49-104% and T&C reproduced 10-155% of the total runoff simulated by HYDRUS-3D. There was no substantial difference with respect to slope angle and only a minor influence of event size, with dry initial conditions and the 50 mm event size being the scenarios where simulated differences were greatest. Overall tRIBS þ VEGGIE agreed more closely with HYDRUS-3D than T&C. In summary, major differences were found when the magnitude of runoff was very small compared to the amount of rainfall.
Hydrographs
The outflow behavior was compared with respect to dynamics, timing and magnitude of runoff and the partitioning between subsurface and surface runoff (Figures 3-6 ). in an overestimation of the total peak flows by a factor of almost 2. Accordingly, the NSE was low or even negative in many cases (Figure 7) . The agreement between T&C and HYDRUS-3D was much better in the case of the small hillslope domain with a 30 W slope angle, with respect to simulated total runoff as well as the partition between surface and subsurface runoff (Figure 4 ). For the large domains, T&C in general reproduced HYDRUS-3D results quite well for wet antecedent moisture conditions (ism 26), as also indicated by the high NSE and low RSME (Figures 5 and   6 ). As in the case with the small domains, the partition between surface and subsurface runoff was quite different for the large domains. This was especially true for dry initial conditions. 4 and 6) . The disagreement between the two routing schemes was most pronounced for very small runoff values.
Soil moisture dynamics
The dynamics of soil moisture were often very similar, particularly between HYDRUS-3D and tRIBS þ VEGGIE (Figures 3-6) . The same applied to T&C except for the cases with the small 10 W hillslope and wet initial conditions 
DISCUSSION
Deviations from the fully 3D solution
The results for total runoff and soil moisture dynamics (the mean and the coefficient of spatial variation) were often very similar among all of the three models despite their different assumptions and complexity (Figures 3-6 ). The larger relative differences in runoff occur for dry initial conditions and for the large hillslope (Figure 2) when the total runoff from the hillslope is very small. Since evapotranspiration is neglected in the current simulations, differences in total runoff may occur only as a consequence of a different storage (spatial distribution of soil moisture) of event water within the hillslope domain, which apparently is only the case for the dry conditions. Since differences in total runoff occur only when runoff amounts are small, event runoff coefficients are almost identical in the three models for all the analyzed cases. The results for tRIBS þ VEGGIE based on the Dupuit-Forchheimer assumption for the saturated zone dynamics are almost indistinguishable from the HYDRUS-3D solution in all of the cases with wet initial condition.
The results start to diverge for the dry initial conditions, when the dynamics of flow through the seepage face likely become sensitive to representation of gradients near the boundary. The simplest model approximation, the kinematic approximation of T&C is able to produce consistent total runoff hydrographs (in terms of shape, timing, and amount) in most of the situations with the exception of the small hillslope with 10 W slope for which the hydrograph peaks are overestimated by a factor of two. Despite similar total runoff hydrographs and mean soil moisture dynamics, the partition between subsurface and surface runoff production is often different in T&C, as compared to tRIBS þ VEGGIE/HYDRUS-3D simulations, particularly for the domains with 10 W slope (Figures 3 and 5) . T&C tends to simulate larger rates of surface runoff as a consequence of larger saturated areas induced by more concentrated, topographically governed flow (see map in Figure 8 for an example).
The fact that different runoff generation mechanisms lead to similar total runoff hydrographs can be related to the relatively small size of the hillslope, and the relative fraction of topographically convergent areas with respect to the total domain area. Differences in the types of runoff production decrease for the larger domains where the fraction of topographically convergent areas is smaller. This suggests that the simulation of runoff production mechanisms can be related to the adopted spatial resolution and that flowapproximation models can be similar to 3D models in terms of runoff generation mechanisms at spatial scales where runoff generation is commonly simulated.
Overall, for the dry initial condition, the disagreement among the simulated hydrographs becomes larger. However, the flow magnitudes are very small and runoff is mostly pro- result highlights that detailed modeling of low flows is problematic even in idealized and homogeneous cases and is likely to be a nearly impossible task in real-world situations that are characterized by soil heterogeneity and a high degree of uncertainty of the boundary conditions. Given the magnitudes of low flows, this is unlikely to represent a significant practical problem in most applications, since larger temporal scales are usually of interest for low flows and, as shown here, the total runoff production in the three models is very similar.
In agreement with theoretical expectations, the kinematic wave approximation for the subsurface flow (T&C) is adequate for steeper and larger hillslopes. A more satisfactory performance is achieved for wet rather than dry initial conditions, as also found by Hilberts et al. () . Given the differences in the formulations of T&C and tRIBS þ VEGGIE, the poor performance of the former for the 10 W hillslope can be attributed to the predefined, topographically controlled flow directions and the lack of accounting for the actual water table dynamics (i.e. what is accounted for by the Dupuit-Forchheimer approximation). Note that both models are based on the 1D Based on the presented cases, one can argue that concerning longer-term hydrological dynamics, such as water budget suggesting that the similarity in total runoff and soil moisture dynamics among models remain valid also in the occurrence of heterogeneous soils but additional testing is required to fully explore the role of spatial variability in soil properties.
The initial expectation of considerable differences between the two-flow approximation models and the explicit three-dimensional model has not been fully confirmed by this study. The presented analysis was limited to homogeneous soil conditions and uniform soil depth (1 m). We hypothesize, however, that the third dimension in the flow formulation can become relevant for (i) flatter domains and deeper soils, as compared to the domains used in this study, (ii) long, sloped thick soils with large saturated reservoir, and (iii) topographically more complex domains with heterogeneous soil conditions, non-uniform soil thicknesses and permeable bedrock. These hypotheses can be tested in future studies.
